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Abstract 
The objective of this paper is to present an investigation on the effect of low velocity impact damage on the fatigue strength of 
friction stir welds in aluminium alloys 2198-T851 and 2024-T351. Three parts of work have been carried out. First, laboratory 
coupons representing thin sheet butt welds were tested under low velocity impacts at various incident energy levels and two 
impact locations. Performance of the butt welds was evaluated in terms of the impact force, indentation and local bending stresses. 
Failure mechanisms were established. Second, dynamic transit analysis of impact loading was performed using the commercial 
FEA package ABAQUS. Residual stresses due to impact induced plastic deformation were obtained, which was found to play a 
crucial role on fatigue crack initiation. Third, to model the post-impact fatigue testing, a quasi-static load analysis was performed 
on plate containing an impact dent subjected to in-plane cyclic stresses. Geometrical and material nonlinear modelling was used to 
simulate the impact residual stresses. This research has shown that, due to the impact dent and local damage, high cycle fatigue 
strength of the welded plates is reduced by 32% compared to the un-impacted welded plates of 2198-T851. Fatigue strength 
reduction is not found to be sensitive to the impact location. 
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1. Introduction 
Friction stir welding (FSW) is an innovative and promising technique for joining aerospace aluminium alloys [1]. 
To reduce the manufacture cost and structural weight, welded butt joints has been used to replace riveted lap joints 
for fabrication of aircraft surface (skin) structures [2]. Most research effort has been devoted to the fatigue crack 
growth behaviour [e.g. 3-5] or crack initiation in weld joints [6]. Little data is available on the effect of impact dents. 
For the design and certification purpose, foreign objective damage (FOD) and its influence on fatigue strength of 
welded joints should be investigated and quantified.  
Most published research on the subject of FOD on metals is devoted to the high-velocity impact on turbine 
engine components [e.g. 7-8]. Indentation, residual stresses due to plastic deformation, cracking and microstructural 
damage can promote fatigue crack growth under fatigue loading. Unlike the behaviour of laminated polymer 
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composites that react impact force by delamination damage, low-velocity impact on flexible metal plates will induce 
large membrane stretching and large plastic deformation [9]. With the presence of weld joints the matter is more 
complex due to welding induced residuals tresses and microstructural change in the weld. Designers must take into 
account of any negative effects of this physical damage to ensure structural integrity and safety.    
This paper focuses on low-velocity impact events that include flying runway gravel, accidental tool drop, and 
collision with ground vehicles. The objectives are to investigate the influence of impact damage on fatigue life and 
effect of impact location and energy level and to perform finite element (FE) modelling of the interactions between 
the applied cyclic stresses and residual stresses due to the impact deformation (indentation). Behaviours of the base 
metal (BM) and welded plate (WP) are compared.     
2. Specimen and experimental tests 
2.1. Specimen  
Experimental tests have been performed to investigate the influence of low velocity impact on fatigue life of 
aluminium alloy plates made of 2198-T851 and 2024-T351. The latter is the most commonly used aluminium alloy 
in making the skin covers for aircraft fuselage and wings. It was selected as a reference to investigate the damage 
level under the same impact energies and same fatigue loading. Fig. 1(a) shows the geometry and dimension of the 
specimens. The original thickness of the plates was 3 mm before welding and then machined down to 1.6 mm after 
the welding process. For the impact testing, the specimen was supported by a clamp fixture consisting of two thick 
steel plates with rectangular window on the impact (top) face and circular window of 80 mm diameter on the back 
(bottom) face as shown in Fig. 1(b). Mechanical properties used in the FE models are given in Table 1.  
Table 1. Mechanical properties of the aluminium alloys tested in this work 
Material E    
(GPa)
Q Yield
strength 
(MPa) 
Tensile
strength 
(MPa) 
Failure
elongation 
(%)
Density
(kg/m3)
2024 BM [10] 73.8 0.33 325 472 21 2768
2024 weld nugget [10] 73.8 0.33 300 425 8.3 2768
2198 BM [11] 76.7 0.33 451 500 10 2214
2198 weld nugget [11] 76.7 0.33 266 377 20 2214
(a)                                                                                         (b) 
Fig. 1 (a) specimen; (b) specimen in clamp fixture for drop-weight test showing the impact (top) surface. 
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2.2. Experimental tests 
Impact tests were performed by an Instrumented Failing Weight Impact Tester with incident energies from 17 J to 
21 J. The impactor was made of steel alloy with semi-spherical tip of diameter 16.1 mm and mass of 2.18 kg. The 
plate was then removed from the test fixture and was left unconstrained during examination of the impact damage 
and measurement of the indentation width and depth.    
Fatigue testing was subsequently conducted using an INSTRON 8500 servo-hydraulic test machine. Constant 
amplitude loading was applied under load-control to the dented plate in room temperature. The maximum applied 
stress was 120 MPa and stress ratio R = 0.1. Crack initiation and propagation were observed visually.    
3. Finite element analyses 
3.1. Impact loading modelling  
Low velocity impact was simulated by performing two different kinds of analysis, i.e. dynamic time-integration 
analysis using the ABAQUS code explicit solver and quasi-static loading analysis using the implicit method 
available in the ABAQUS standard solver. The purpose of the FE modelling is to determine the impact resultant 
residual stress and the locations at the surface where tensile stresses are most likely to promote cracking. The 
dynamic explicit method takes much more computing time to simulate the impactor spring-back (bouncing back) 
process to achieve equilibrium and high frequency oscillations present if no damping is added. The implicit method 
can achieve convergence unconditionally, and the damping problem does not exist. These two methods give similar 
results in terms of the maximum deflection, indentation depth and residual stresses due to the permanent 
deformation (dent) [12]. In both models, welding induced residual stresses are inputted as the initial stress condition 
before conducting impact simulation. For this work welding residual stresses are found from a published work on 
friction stir welded 2024-T3 alloy [4].  
3.2. Fatigue loading modelling 
The in-plane cyclic loading is modelled using the Direct Cyclic Analysis (DCA) facility in ABAQUS code. 
Impact resultant residual stresses (due to the dent) are inputted as the initial stress condition before applying the 
cyclic stress. All models are under constant amplitude loading with maximum applied stress of 120 MPa and stress 
ratio R = 0.1. The DCA code can facilitate modelling of the first loading cycle, and subsequent and stabilised cycles. 
Resultant stresses corresponding to the first and stabilised load cycles are obtained for further analysis.       
4. Main results and discussion 
4.1. Impact induced deformation and residual stresses  
Impact test results are presented in Table 2 [13, 14]. Impact tests were performed on the weld centre and the 
thermal-mechanical affected zone (TMAZ). Apart from the distinct dent, impact also induced small cracks in the 
dented area that are most visible at the convex side of the dent (bottom surface). In the table, letter “L” indicates 
crack in the weld orientation and “T” means the crack transverse to the weld. Results of post-impact fatigue testing 
are also listed in the last two columns of the table (applied maximum stress and failure life); this result will be 
discussed in Section 4.2. 
To understand the failure mechanism, principal stresses are calculated and presented in this section. For the 
plane-stress problem, through-thickness stress component V3 = 0, and the maximum and minimum principal stresses 
V1 and V2 are expressed as:  
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   Table 2. Impact and fatigue test results 
Material Impact 
location
Impact 
energy (J) 
Dent depth 
(mm) 
Dent width 
(mm) 
Impact crack 
length (mm) 
Applied max.  
cyclic stress 
(MPa) 
Fatigue life 
(cycle) 
2198 BM Centre 17.5 3.86 7.28 4.3 (L) 120 965 802 
2198 BM Centre 20.0 3.48 7.44 3.9 (L); 4.8 (T) 200  71 174 
2198 WP Weld centre 15.0 3.83 7.60 3.9 (L) 150  91 250 
2198 WP Weld centre 17.5 3.95 7.90 2.8 (L) 120 132 957 
2198 WP Weld centre 20.0 3.72 8.00 7.3 (L) 120 161 129 
2198 WP TMAZ 20.0 3.51 7.82 4.3 (L); 2.6 (T) 120 250 009 
2198 WP TMAZ 22.5 3.81 8.48 7.1 (L) 120 410 103 
2198 WP TMAZ 25.0 4.40 8.20 5.3 (L); 3.8 (T) 120 279 163 
2024 BM Centre 17.0 3.60 6.56 1.9 120 972 751* 
2024 BM Centre 19.0 4.62 7.10 3.0 120 230 754 
2024 WP Centre 17.0 4.27 6.80 10.6 120  99 579 
2024 WP Centre 19.0 6.66 6.66 13.6 120   93 106 
2024 WP Centre 21.0 5.55 7.30 19.0 120   79 694 
2024 WP TMAZ 17.0 4.27 7.00 8.0 120 154 300 
2024 WP TMAZ 19.0 4.68 7.66 10.5 120 109 497 
2024 WP TMAZ 21.0 4.84 7.86 14.0 120 115 941 
*Test run-out 
Fig. 2 shows the calculated first principal stress near the centre of impact of a 17 J energy impact event on the 
2198 base metal plate. The stress history shows three distinctive stages: bending dominant at the impact onset, 
membrane stretching at the maximum impact force, and the final recovery (plate spring-back on removal impactor). 
The maximum principal stress is at the bottom surface (at the impact peak force) reaching 800 MPa. The minimum 
principal stress is at the top (impact) surface. The lowest stress is about -400 MPa at the maximum impact force. 
This compressive stress turns to tensile due to the membrane stretching action and has reached to 400 MPa. 
Fig. 3(a) shows the FE modelled first principal stress contour in the impact dent area at the maximum impact 
force. Consequently, small cracks were formed on the back face, see photo Fig. 3(b). It should be noted that 800 
MPa is much higher than the strength of the material. This is because that the impact simulation presented in this 
paper does not model the effect of material degradation due to local material failure. This failure mechanism was 
modelled in a related project using the material’s failure elongation property to degrade the locally failed finite 
elements [15]. This result is not reported in this present paper, because impact modelling is beyond the scope of this 
paper.      
Both the experimental testing and numerical modelling have shown similar behaviour for impacts on the weld 
centre and TMAZ. The reason could be that the welding-induced residuals stresses are relatively low for this small 
plate.
Since the impact dent is permanent plastic deformation, the consequence is a residual stress field after the impact, 
Fig. 4. The highest residual stress is on the impact (top) surface reaching 400-450 MPa. The difference in residual 
stresses caused by the 17 J and 21 J impacts is very small. These are the energy levels used in the physical tests.      
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Fig. 2 History of the first principal stresses near the impact centre during 17 J impact and spring-back (2198-T8 base material)
(a)                                                                         (b) 
Fig. 3. Base metal under 17 J impact (back face): (a) first principal stress at the maximum impact force; (b) dent and crack. 
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Fig. 4  Calculated residual stresses (first principal) due to various impact energies (2198 base metal). 
4.2. Fatigue test results 
4.2.1. Fatigue crack initiation site  
Under remotely applied cyclic stress of max = 120 MPa and R =0.1, FE calculated local maximum principal 
stress is about 520 MPa (principal mean stress = 400 MPa, principal stress amplitude = 120 MPa). This maximum 
stress is found on the specimen’s top surface, about 8 – 10 mm from the impact dent centre. This is the case for both 
the BM and WP after 17-21 J impacts. An example of the local stress amplitude is shown in Fig. 5(a).  
During the experimental tests, crack initiation observations were made from the bottom surface (i.e. the convex 
side of the dent), Fig. 5(b); during the test process it was not clear whether the initiation site was at the top or bottom 
surface. After the testing, scanning electron microscope (SEM) was used to trace the crack initiation site from 
cracked test samples. Three specimens were selected for the microscopic examination; they are a BM, a WP with 
impact on weld centre, and a WP with impact on TMAZ. The SEM photographs are shown in Figs. 6 and 7, which 
illustrate that all cracks in these observed specimens have nucleated from the impacted (top) surface. The dots 
marked on the sketch inserted underneath the photos are the crack nucleation sites that are situated about 10 mm on 
either side of the dent centre, which corresponding to the calculated high tensile stresses (Fig. 4 and 5a) very well.   
Impact induced cracks (Fig. 3) did not propagate under the fatigue loads. The local stresses surrounding these 
small cracks in the dent centre area are much lower than the stresses on the perimeter of the dent (8–10 mm from the 
dent centre). Consequently the crack tip stress intensity factor range is much lower for the impact induced crack. 
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(a)                                                                                     (b)
Fig. 5 (a) Principal stress amplitude under cyclic loading for a welded plate after impact (top surface); (b) fatigue cracks on the bottom surface. 
Bottom 
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Fig. 6 Crack initiation sites on the top (impact) surface of specimen BS1.6B (2198-T351 base metal). 
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Fig. 7 Crack initiation sites on the top (impact) surface of specimen TS1.6B (2198-T851 welded plate). 
4.2.2. Fatigue failure life  
For all the specimens crack growth life was found to be much shorter than the crack initiation life. Crack 
initiation life consisted of 90-95% of the total failure life. In this paper “fatigue life” is defined as when the 
specimen finally broken into two pieces. Test measured fatigue life is shown in Fig. 8; the cycle numbers can be 
found in Table 2. The reference curve represents “2198 T851 FSW (140 mm)” specimens, which is obtained from a 
separate project, in which fatigue test was performed on un-impacted plates made of the same material and thickness 
and produced by the same FS welding process.  
Test result has shown that at the impact energy of 17–21 J, fatigue endurance strength of impacted plates (in 
terms of stress amplitude) is reduced from 80 MPa to 54 MPa, a reduction of 32%. At the endurance strength level 
(54 MPa), the scatter in fatigue tests has made it difficult to relate fatigue life cycle to the impact energy level in the 
range of 17–22.5J. For the 2198 alloy, impact on the weld retreating side (TMAZ) seems to have longer fatigue life 
than those being impacted on the weld centre. Under the same stress level, plates made of base material had longer 
fatigue life despite being subjected to the same level of impact. Details can be found in [13].    
Fatigue life of the reference specimens made of 2024-T351 is shown in Fig. 9. For the same life cycles, fatigue 
strength reduction due to impact dents is between 10-32%, with exception of one test (BSWC at 17 J impact), which 
may be regarded as the scatter effect. For this 2024-T3 alloy, no noticeable difference is found in the fatigue life 
between the two impact locations. Details can be found in [14].    
Due to the excessive plasticity caused by the very high local stresses around the perimeter of impact dent, the S-
N curve based life prediction was found to be inappropriate. Strain-life based approach may be employed for the life 
prediction. Research on this front is currently in progress. 
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Fig. 8. Fatigue test results of FSW 2198-T851 specimens (1.6 mm thick): plates of 140 mm wide were un-impacted; the 110 mm wide plates were 
impact damaged before fatigue testing.  
Fig. 9. Fatigue test results of FSW 2024-T351 specimens: symbols represent specimens tested in this study after receiving impact; blue line is 
from Ref. [3] using the base material, and black line is also from [3] for welded specimen without impact.  
X. Zhang et al. / Procedia Engineering 2 (2010) 1691–1700 1699
10 X. Zhang et al./ Procedia Engineering 00 (2010) 000–000 
5. Conclusions
x Low-velocity impact on butt welded joint of thin aluminium plate results in a deep indentation and short crack(s) 
in the dent valley due to the high bending stress. These small cracks did not propagate under the applied cyclic 
load.      
x Residual stresses arise in the dent area after the impact event. The maximum tensile residual stress is about 400-
450 MPa on the impact (top) surface and 10 mm away from the impact centre. This is where fatigue crack 
initiates under the applied cyclic stresses. 
x Due to the impact deformation and local damage, fatigue strength of 2198-T851 at 105–106 cycles of the welded 
butt joints is reduced by 32% compared to the pristine plates. The degree of fatigue strength reduction is not 
sensitive to the impact location.  
x Under the same cyclic stresses, plates made of base material had longer fatigue life despite being subjected to the 
same level of impact. 
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